Mammary gland development is induced by the actions of various hormones to form a structure consisting of collecting ducts and milk-secreting alveoli, which comprise two types of epithelial cells known as luminal and basal cells. These cells adhere to each other by cell adhesion apparatuses whose roles in hormone-dependent mammary gland development remain largely unknown. Here we identified a novel cell adhesion apparatus at the boundary between the luminal and basal cells in addition to desmosomes. This apparatus was formed by the trans-interaction between the cell adhesion molecules nectin-4 and nectin-1, which were expressed in the luminal and basal cells, respectively. Nectin-4 of this apparatus further cis-interacted with the prolactin receptor in the luminal cells to enhance the prolactin-induced prolactin receptor signaling for alveolar development with lactogenic differentiation. Thus, a novel nectin-mediated cell adhesion apparatus regulates the prolactin receptor signaling for mammary gland development.
The adult mammary gland, consisting of collecting ducts and alveoli, is arranged in a bi-layer structure of inner luminal cells surrounded by basal myoepithelial cells, with the outermost side ensheathed by the basement membrane (1) (Fig. 1A) . The luminal cells form a sheet by adhering to adjacent cells through cell adhesion apparatuses, including tight junctions (TJs), 3 adherens junctions (AJs), desmosomes, and gap junctions (2, 3) . TJs are located at the most apical side of the lateral membranes of luminal cells, and AJs are located at the basal side of TJs. Desmosomes and gap junctions are randomly located along the basolateral plasma membranes. The basal cells attach to each other by AJs, desmosomes, and gap junctions. The luminal and basal cells attach to each other through desmosomes. The presence of gap junctions between the luminal and basal cells is controversial (4) . In addition, the basal cells attach to the basement membrane through hemidesmosomes (2) .
These cell adhesion apparatuses are composed of cell adhesion molecules (CAMs) and peripheral membrane proteins, which connect CAMs with cytoskeletal proteins, such as actin filaments (F-actin), intermediate filaments, and microtubules (5, 6). The major CAMs at AJs are classical cadherins and nectins (5, 6) . Cadherins directly bind ␤-catenin, which interacts with ␣-catenin and is associated with F-actin, whereas nectins bind afadin and are associated with F-actin. The major CAMs at TJs are claudins, occludin, and junctional adhesion molecules (7) . These CAMs bind zonula occludens (ZO)-1, ZO-2, and ZO-3 and are associated with F-actin. The major CAMs at desmosomes are desmosomal cadherins, which bind to plakoglobin and plakophilin and are associated with keratin intermediate filaments through desmoplakin (8) . Gap junctions consist of connexons made up of six connexin proteins (9) . In the mammary gland, these CAMs and their associated molecules have been identified and characterized (10) , but nectins and afadin have not yet been investigated.
The mammary gland develops from a thickening in the ventral skin during embryogenesis that grows into a rudimentary ductal tree before birth (11) (12) (13) . The female mammary gland continues to develop in a hormone-independent manner until puberty following which hormones induce ductal elongation and branching. Elongation and branching of ducts along with alveolar development with lactogenic differentiation are induced by pregnancy. This development of the mammary gland during puberty and pregnancy are regulated by hormones, including estrogen, progesterone, and prolactin, and growth factors and cytokines, such as growth hormone, insulin-like growth factor 1, EGF, FGF, Wnt, and receptor activator of nuclear factor -B ligand (12, 14, 15) . It is known that each stage of ductal morphogenesis depends on a specific extracellular signaling pathway; however, the roles of the cell adhesion appa-ratuses in the regulation of mammary gland development remain largely unknown.
We previously generated nectin-1 (also know as Pvrl1) knock-out (nectin-1 KO) mice (16) . In the brain, nectin-1 and nectin-3 are localized at the presynaptic and postsynaptic sides of hippocampal mossy fiber synapses, respectively (17) , and the heterophilic trans-interaction between nectin-1 and nectin-3 is involved in the selective interaction of an axon with dendrites (18) . In the nectin-1 KO brain, the hippocampal mossy fiber synapses exhibit abnormal morphology (19) . Mutations in nectin-1 cause cleft lip/palate-ectodermal dysplasia and ectodermal dysplasia-syndactyly syndrome 1 (20) . Nectin-1 expression has also been shown to be down-regulated or up-regulated in a variety of cancers (21) (22) (23) (24) . In addition, nectin-1 serves as the entry receptor for herpes simplex virus type 1 (6) .
After backcrossing nectin-1 KO mice, which we previously generated (16) , into the genetic background of C57BL/6 mice from the 129/Sv-C57BL/6 mixed background, we noticed that the backcrossed female mice often failed to breastfeed their pups. Analysis of pregnant nectin-1 KO female mice revealed that their mammary glands were functionally impaired because of insufficient mammary gland development. Therefore, in this study, we examined the role, localization, and mode of action of nectin-1 in mammary gland development.
Experimental Procedures
Mice-The nectin-1 ϩ/Ϫ mice were described previously (16) . nectin-1 Ϫ/Ϫ mice on the 129/Sv-C57BL/6 mixed background were fertile and nursed their pups. nectin-1 Ϫ/Ϫ mice on the C57BL/6 background were fertile, but the nectin-1 Ϫ/Ϫ female mice rarely nursed nectin-1 Ϫ/Ϫ pups, which were generated by intercrossing of nectin-1 Ϫ/Ϫ mice, to adulthood. In contrast, nectin-1 ϩ/Ϫ female mice nursed ϳ40% of nectin-1 Ϫ/Ϫ pups as well as most nectin-1 ϩ/Ϫ and wild-type pups, which were generated by intercrossing of nectin-1 ϩ/Ϫ mice, to adulthood. The mutant and control samples were prepared from the same litter. The morning after coitus and the day of birth were defined as E0.5 and P0, respectively. All animal experiments were performed in strict accordance with the guidelines of the institution and approved by the Administrative Panel on Laboratory Animal Care of Kobe University, Japan. The protocol was approved by the Committee on the Ethics of Animal Experi-FIGURE 1. The novel cell adhesion apparatus mediated by nectin-1 and nectin-4 as a platform for cellular signaling in the mammary gland. A, schematic of the mammary gland. The adult mammary gland, consisting of collecting ducts and alveoli, is composed of a bilayer structure of inner luminal cells surrounded by outer basal myoepithelial cells with the outermost side ensheathed by the basement membrane. B, schematic of the findings. A novel cell adhesion apparatus mediated by nectins was found at the boundary between the luminal and basal cells in addition to desmosomes. The nectin-mediated adhesion apparatus identified here may serve as a platform for cellular signaling.
ments of Kobe University Graduate School of Medicine (Permit Numbers P111109 and P141206). All efforts were made to minimize suffering.
Tissue Preparation-The animals were euthanized, and the inguinal mammary glands were harvested from 8 -12-week-old non-pregnant virgin, pregnancy day 18.5 (P18.5), or lactating day 1 (L1) female mice. The mammary glands were frozen in O.C.T. Compound (Sakura Finetek USA, Inc., Torrance, CA) for immunofluorescence microscopy and H&E staining. Otherwise, the mammary glands were fixed in 4% paraformaldehyde in PBS for whole-mount carmine alum staining. Protein lysates of mammary epithelium were prepared from 8 -14-week-old non-pregnant virgin or P18.5 female mice. The mammary glands were digested with 200 units/ml collagenase (Worthington) and 10 Kunitz units/ml DNase I (Sigma-Aldrich), and the cells were lysed in lysis buffer A (20 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 5% glycerol, 1 mM EDTA, 10 mM NaF, 1 mM Na 3 VO 4 , 10 g/ml leupeptin, and 1 mM PMSF). Protein concentrations were determined using the Bio-Rad protein assay.
Antibodies (Abs)-Rabbit anti-␣-actinin polyclonal antibody (pAb) (sc-15335, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-actin mAb (MAB1501, Merck Millipore, Billerica, MA), rabbit anti-afadin pAb (A0349, Sigma-Aldrich), goat anti-␤-casein pAb (sc-17969, Santa Cruz Biotechnology), rabbit anti-␤-catenin pAb (C22006, Sigma-Aldrich), rat phycoerythrin-conjugated anti-CD24 mAb (12-0242, eBioscience, San Diego, CA), rat allophycocyanin-conjugated anti-CD49f mAb (FAB13501, R&D Systems, Inc., Minneapolis, MN), mouse anti-connexin 43 mAb (MAB3068, Merck Millipore), mouse anti-desmoplakin 1/2 mAb (651109, PROGEN Biotechnik, Heidelberg, Germany), mouse anti-FLAG mAb (for immunoprecipitation; F3165, Sigma-Aldrich), rabbit anti-FLAG pAb (for immunoblotting and immunofluorescence staining; F7425, Sigma-Aldrich), rabbit anti-GFP pAb (for immunoblotting; 598, MBL International, Nagoya, Japan), rat anti-GFP mAb (for immunofluorescence staining; GF090R, Nacalai Tesque, Kyoto, Japan), mouse anti-HA mAb (for immunoblotting; MMS-101P, BioLegend, San Diego, CA), rabbit anti-HA pAb (for immunoprecipitation; H6908, Sigma-Aldrich), rabbit antinectin-1 pAb (for immunoblotting; sc-28639, Santa Cruz Biotechnology), rat anti-nectin-1 mAb (for immunofluorescence staining; D146-3, MBL International), rat anti-nectin-2 mAb (D083-3, MBL International), rabbit anti-nectin-3 pAb (for immunoblotting; sc-28637, Santa Cruz Biotechnology), rat anti-nectin-3 mAb (for immunofluorescence staining; D084-3, MBL International), goat anti-nectin-4 pAb (AF2659, R&D Systems, Inc.), rabbit anti-occludin pAb (for immunoblotting; 71-1500, Thermo Fisher Scientific, Waltham, MA), rat antioccludin mAb (for immunofluorescence staining; MOC37, Sanko Junyaku, Tokyo, Japan), mouse FITC-conjugated antismooth muscle actin mAb (F3777, Sigma-Aldrich), rabbit anti-STAT5 pAb (9363, Cell Signaling Technology, Danvers, MA), rabbit anti-STAT5a pAb (sc-1081, Santa Cruz Biotechnology), rabbit anti-phospho-STAT5 (Tyr-694) mAb (4322, Cell Signaling Technology), mouse anti-phosphotyrosine mAb (clone 4G10, 05-321, Merck Millipore), mouse anti-vinculin mAb (V9131, Sigma-Aldrich), mouse anti-ZO-1 mAb (for immunofluorescence staining; 33-9100, Thermo Fisher Scientific), and rabbit anti-ZO-1 pAb (for immunoblotting; 61-7300, Thermo Fisher Scientific) were purchased from the indicated suppliers. Rat anti-E-cadherin mAb (ECCD2) was a kind gift from Dr. M. Takeichi (Center for Developmental Biology, RIKEN). Alexa Fluor 488-, 555-, and 647-conjugated and Cy3-conjugated goat secondary Abs were purchased from Thermo Fischer Scientific and Merck Millipore, respectively. An HRP-conjugated secondary Ab was purchased from GE Healthcare.
Cell Culture-Human embryonic kidney (HEK) 293E cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin and cultured at 5% CO 2 at 37°C. Mouse mammary epithelial EpH4 cells were maintained in DMEM/F-12 supplemented with 2% FBS, 5 g/ml insulin, and 50 g/ml gentamycin and cultured at 5% CO 2 at 37°C.
Plasmid Constructions-To obtain the C-terminally HAtagged prolactin receptor, the cDNA of mouse prolactin receptor was purchased from Sino Biological Inc. (catalogue number MG50457-M-M; Beijing, China). The cDNA encoding the prolactin receptor without the stop codon was amplified by PCR and inserted into the modified pcDNA3.1 vector containing a 3ϫHA epitope sequence. The plasmids encoding N-terminally FLAG-tagged human nectin-1, mouse nectin-2, mouse nectin-3, and mouse nectin-4 were constructed as described previously (25) . The plasmids encoding N-terminally FLAG-tagged nectin-4 mutants (FLAG-nectin-4⌬CP (deletion of the signaling peptide and the cytoplasmic region, corresponding to amino acids 1-29 and 375-508, respectively) and FLAG-nectin-4⌬EC (deletion of the extracellular region, corresponding to amino acids 1-332)) were constructed by PCR using the FLAG-tagged full-length nectin-4 as a template. The cDNAs encoding FLAG-nectins were introduced into the retrovirus vector pCX4-puro. The cDNAs encoding JAK2 was kindly provided by Dr. T. Naka (National Institute of Biomedical Innovation) by courtesy of Dr. T. Kishimoto (Osaka University), and the expression vector for GFP-tagged JAK2 was constructed. The 21-base targeting sequences for mouse nectin-1 were 5Ј-GGTGAACGACTCCATGTATGG-3Ј (for shNectin-1 #1) and 5Ј-GGCAGAGTACCAGGAGATC-3Ј (for shNectin-1 #2).
Immunofluorescence Microscopy-The frozen tissues were sliced into 10-m-thick sections using a cryostat. The sections were air-dried, fixed in acetone for 5 min, and blocked with 3% BSA for 1 h at room temperature. After being washed with PBS, the sections were incubated with the appropriate Abs at room temperature for 2 h and then incubated with the corresponding secondary Abs with DAPI at room temperature for 1 h. The secondary Abs were anti-goat, anti-mouse, or anti-rabbit Alexa Fluor 488 Abs and anti-rat Cy3 Ab. The images were acquired using a confocal laser-scanning microscope (LSM 700, Carl Zeiss, Jena, Germany) with a Plan-Apochromat 64ϫ/1.4 numerical aperture oil immersion objective lens (Carl Zeiss) at room temperature under the control of Zen 2009 software (Carl Zeiss). The images were processed using Zen 2009.
FACS and Semiquantitative Real Time PCR-Mammary glands from 8 -14-week-old virgin female mice were digested with 200 units/ml collagenase (Worthington) and 10 Kunitz units/ml DNase I (Sigma-Aldrich) and filtered through a 40-m mesh to obtain a single cell suspension. A CD49f high CD24 ϩ population and a CD49f med CD24 ϩ population, corresponding to basal cells and luminal cells, respectively, were collected using FACSAriaIII (BD Biosciences). The cells were lysed with TRIzol (Life Technologies), and total RNAs were extracted following the manufacturer's protocol. Reverse transcription was performed using SuperScript III reverse transcriptase (Life Technologies). The abundance of each mRNA was measured using a thermal cycler Dice real time PCR system (Takara Bio, Otsu, Japan). The following primers were used for the semiquantitative real time PCR: nectin-1, 5Ј-CTTCTTCCTCCCAGGCACT-3Ј and 5Ј-CCATGTGACCT-GGGTGATT-3Ј; nectin-4, 5Ј-AGGAGACACTCTGGGCT-TTC-3Ј and 5Ј-ACCTGAGAATCCCTCGAAGA-3Ј; and gapdh, 5Ј-AACTTTGGCATTGTGGAAGG-3Ј and 5Ј-CACATTGG-GGGTAGGAACAC-3Ј.
Western Blotting-Protein lysates were mixed with SDS sample buffer (60 mM Tris-HCl at pH 6.7, 3% SDS, 2% 2-mercaptoethanol, and 5% glycerol) and boiled for 5 min. Then the samples were separated by SDS-PAGE and transferred to PVDF membranes (Merck Millipore). After being blocked with 2% skim milk or 3% BSA in Tris-buffered saline plus 0.05% Tween 20, the membranes were incubated with the indicated Abs. After being washed with Tris-buffered saline plus 0.05% Tween 20 three times, the membranes were incubated with peroxidase-conjugated anti-rabbit, anti-mouse, or anti-goat IgG Ab. The signals for the proteins were detected using Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore).
Carmine Alum Staining-The whole mammary glands fixed in 4% paraformaldehyde in PBS were stained overnight in a carmine alum solution at room temperature. The samples were then cleared in xylene and flat mounted on slide glass. The images were acquired using AXIO Scope A1 (Carl Zeiss) with an A-Plan 5ϫ/0.12 numerical aperture objective lens (Carl Zeiss) and Axio CamMRC (Carl Zeiss) at room temperature under the control of Axio Vision (Carl Zeiss). The images were processed using Photoshop CS4 (Adobe, San Jose, CA).
H&E Staining-The frozen tissues were sliced into 10-mthick sections using a cryostat, and the sections were subjected to H&E staining. The images were acquired using AXIO Scope A1 with an A-Plan 5ϫ/0.12 numerical aperture objective lens and Axio CamMRC at room temperature under the control of Axio Vision. The images were processed using Photoshop CS4.
Transfection and Retrovirus Infection-For transient expression of various constructs in HEK293E cells, Lipofectamine 2000 reagent was used according to the manufacturer's protocol. To generate the retroviral supernatant, HEK293E cells were co-transfected with pGP, pE-Ampho, and either pCX4-puro or pSIREN-retroQ harboring a hygromycin resistance gene. After a 48-h culture period, the viral supernatant was added to the EpH4 cells in the presence of 8 g/ml Polybrene. The cells were cultured in the presence of 5 g/ml puromycin or 500 g/ml hygromycin for 1 week and then used for the experiments.
Immunoprecipitation Assay-The suspension-cultured coimmunoprecipitation assay was performed as described previously (26) . Briefly, HEK293E cells were transfected with various combinations of plasmids, cultured for 48 h, detached with 0.05% trypsin and 0.53 mM EDTA, and treated with a trypsin inhibitor. Then the cells were cultured in suspension with DMEM containing 0.5% fatty acid-free BSA for 30 min, collected by centrifugation, washed once with PBS, and lysed with lysis buffer B (20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10% glycerol, 1% Nonidet P-40, 10 mM NaF, 1 mM Na 3 VO 4 , 10 g/ml leupeptin, 2 g/ml aprotinin, and phosphatase inhibitor mixture 3). The lysates were rotated for 30 min and subjected to centrifugation at 12,000 ϫ g for 15 min. The supernatant was precleared with protein A-Sepharose 4 Fast Flow beads (GE Healthcare) at 4°C for 1 h. The precleared lysates were incubated with an anti-FLAG M2 mAb overnight and collected with protein A-Sepharose beads at 4°C for 4 h. After the beads were extensively washed with lysis buffer B, bound proteins were eluted by boiling the beads in SDS sample buffer for 5 min and subjected to SDS-PAGE followed by Western blotting using the indicated Abs.
Bead-Cell Contact Assay-The bead-cell contact assay was performed as previously described (27, 28) with some modifications. The extracellular fragment of nectin-1 fused to the human IgG Fc (Nef-1) was purified from the culture supernatant of HEK293E cells expressing Nef-1. For preparation of the Nef-1-coated beads, purified Nef-1 was adsorbed onto latexsulfate beads (5-m diameter; Interfacial Dynamics, Portland, OR) precoated with Fc-specific goat anti-human IgG pAb (Jackson ImmunoResearch Laboratories). HEK293E cells expressing the GFP-tagged prolactin receptor together with FLAG-tagged nectin-4 or FLAG alone were detached from culture dishes, and the cells were mixed with Nef-1-coated beads or concanavalin A-coated beads in suspension at 37°C for 30 min. The cells were then spread on glass coverslips, fixed with 2% paraformaldehyde in PBS for 2 min, blocked with 1% BSA in PBS, permeabilized with 0.1% Triton X-100 in PBS, and immunostained with rat anti-GFP and rabbit anti-FLAG Abs. To minimize the cross-reactivity between the secondary Abs, anti-FLAG Ab was prelabeled with the Zenon Alexa Fluor 555 rabbit IgG labeling kit (Life Technologies). After the incubation with the first Ab, the cells were incubated for 1 h with donkey antirat IgG conjugated with Alexa Fluor 488 and then mounted with FluorSave Reagent (Merck Millipore). The images were acquired using a Nikon C2 confocal system (Nikon, Inc., Tokyo, Japan) with a Plan Apo 60ϫ/1.2 numerical aperture water immersion objective lens (Nikon, Inc) with 2ϫ digital zoom at room temperature under the control of NIS-Elements AR Analysis software 4.20 64-bit (Nikon, Inc.) The images were processed using ImageJ 1.49a 64-bit software.
Prolactin-induced STAT5 Activation Assay-STAT5 tyrosine phosphorylation in EpH4 cells was assayed as described previously (29) . Briefly, EpH4 cells, plated at a density of 2 ϫ 10 4 cells/cm 2 on dishes coated with Matrigel, were cultured for 16 -24 h, and the cells were stimulated with prolactin by exchanging with fresh DMEM/F-12 containing 2% Matrigel (v/v), 5 g/ml insulin, 50 g/ml gentamycin, 1 g/ml hydrocortisone, and 3 g/ml prolactin for the indicated periods. The cells were washed with ice-cold PBS three times and lysed with lysis buffer B. Protein concentrations were determined using the Bio-Rad protein assay. The lysates were then boiled in SDS sample buffer for 5 min. Twenty-five micrograms of proteins, including Matrigel, were loaded and subjected to SDS-PAGE followed by Western blotting using the indicated Abs. The band intensity of the phosphorylated STAT5 was normalized to that of the total STAT5.
Results

A Novel Type of Cell Adhesion Apparatus Mediated by Nectin-1 and Nectin-4 -
We first examined the expression and localization of nectin-1 in comparison with the components of AJs and TJs in the mammary epithelium. The immunofluorescence signals for nectin-1 and nectin-4 were concentrated as dots or short lines at the boundary between the luminal and basal cells, which overlapped with each other (Fig. 2A, panels a,  d, and j) . In contrast, the signals for nectin-2 and afadin were concentrated at the apical side of the lateral membrane at the boundary between the adjacent luminal cells (Fig. 2A, panels b and e), whereas nectin-3 was not observed in any region ( Fig.   2A, panel c) . The signals for E-cadherin, ␤-catenin, occludin, and ZO-1 were also concentrated at the apical side of the lateral membrane at the boundary between the adjacent luminal cells ( Fig. 2A, panels f-i) , consistent with previous observations (30 -32) . These results indicate that nectin-1 and nectin-4 are localized at the boundary between the luminal and basal cells; nectin-2, afadin, E-cadherin, and ␤-catenin are localized at AJs between adjacent luminal cells; and occludin and ZO-1 are localized at TJs between adjacent luminal cells. None of these signals was observed at AJs between the adjacent basal cells presumably because AJs at this region are much smaller than those between adjacent luminal cells and are too faint to be detected with the immunofluorescence microscopy used here.
To identify in which cell types, the luminal or basal cells, nectin-1 and nectin-4 are expressed, we isolated the luminal cells, a CD49f med CD24 ϩ population, or basal cells, a ϩ population, were subjected to semiquantitative real time PCR. Error bars, S.E. C, panels a-i, localization of cell adhesion components in the mammary epithelium of pregnancy day 18.5 nectin-1 Ϫ/Ϫ mice. The sections were stained with the indicated Abs. Nuclei were counterstained with DAPI. Scale bars, 20 m. D, expression levels of nectin-1, nectin-2, nectin-3, nectin-4, and afadin in the mammary epithelium of pregnancy day 18.5 wild-type and nectin-1 Ϫ/Ϫ mice. The lysates (10 g of protein each) of the mammary epithelium from pregnancy day 18.5 wild-type and nectin-1 Ϫ/Ϫ mice were subjected to Western blotting using their respective Abs. Actin was used as a loading control. Results are representative of three independent experiments. PE, phycoerythrin; APC, allophycocyanin; IB, immunoblotting.
CD49f
high CD24 ϩ population, by FACS and quantified the mRNA levels of nectin-1 and nectin-4 in each cell by quantitative real time PCR. The nectin-1 mRNA was expressed in both the luminal and basal cells to roughly similar extents, whereas the nectin-4 mRNA was exclusively expressed in the luminal cells (Fig. 2B) . The expression levels of the nectin-1 and nectin-4 mRNAs in the luminal cells were roughly 3:2. On the assumption that these molar ratios of the mRNAs reflect those of the proteins, these results indicate that both nectin-1 and nectin-4 are expressed in the luminal cells with a rough ratio of 3:2, whereas only nectin-1 is expressed in the basal cells, and that the expression levels of nectin-4 in the luminal cells and nectin-1 in the basal cells were roughly 2:3. In the mammary glands obtained from nectin-1 KO female mice (nectin-1 KO mammary gland), the signals for nectin-1 and nectin-4 were undetectable, whereas the levels of the other components of AJs and TJs between adjacent luminal cells were unchanged (Fig.  2C) . By Western blotting analysis, nectin-1, nectin-2, nectin-4, and afadin were detected in the wild-type mammary epithelium, but in the nectin-1 KO mammary epithelium, nectin-1 was undetectable, whereas nectin-2, nectin-4, and afadin were unchanged (Fig. 2D) . The discrepancy between the immunofluorescence staining and the Western blotting analysis is presumably due to the lack of the concentration of nectin-4 at specific sites in the immunofluorescence staining. It was previously shown that nectin-1 and nectin-4 not only undergo homophilic interactions but also undergo a heterophilic trans-interaction with each other (33, 34) ; the dissociation constant values for nectin-1/nectin-4, nectin-1/nectin-1, and nectin-4/nectin-4 are 0.1, 17.5, and 153 M, respectively (34, 35) . On the assumption that the molar ratios of the mRNAs expressed in the luminal and basal cells reflect those of the proteins, it is likely that the trans-interaction between nectin-4 in the luminal cells and nectin-1 in the basal cells mainly forms a cell adhesion apparatus at the boundary between the luminal and basal cells. All the nectin-1 molecules in the basal cells are likely to be trans-interacted with the nectin-4 molecules in the luminal cells, whereas all the nectin-1 molecules in the luminal cells are likely to have no trans-interacting partner in the basal cells and to be free.
None of the signals for the components of AJs and TJs, such as nectin-2, afadin, E-cadherin, ␤-catenin, occludin, and ZO-1, was concentrated at the boundary between the luminal and basal cells. None of the signals for other F-actin-binding proteins that directly or indirectly bind to nectins and E-cadherin was co-localized with the signal for nectin-1 (Fig. 3) . Moreover, neither the signal for desmoplakin, a component of desmosome, nor the signal for connexin 43, a component of gap junctions, was co-localized with the signal for nectin-1 or nectin-4 (Fig. 4, A-D) . These results indicate that nectin-1 and nectin-4 constitute a novel type of cell adhesion apparatus that is different from AJs, TJs, desmosomes, and gap junctions.
The signals for the components of these cell adhesion apparatuses (i.e. nectin-2, afadin, E-cadherin, ␤-catenin, occludin, ZO-1, desmoplakin, and connexin 43) in nectin-1 KO mam- mary glands were similar to those in the wild-type mammary glands; however, the localization and intensity of the signals for desmoplakin and connexin 43 in the nectin-1 KO mammary gland were slightly different from those in the wild-type mammary gland possibly because of the morphological changes in the ducts and alveoli induced by nectin-1 knock-out (Fig. 4 , E 
and F).
These results indicate that this novel adhesion apparatus does not affect the formation and/or maintenance of other cell adhesion apparatuses.
Morphological and Functional Impairments in the Pregnancy-induced Alveolar Development in the Nectin-1 KO Mammary
Gland-Next we examined whether the novel adhesion apparatus mediated by nectin-1 and nectin-4 plays a role in the mammary gland development. The wild-type and nectin-1 KO mammary glands at various developmental stages were histologically analyzed. In the whole-mount mammary glands stained with carmine alum, the sizes of mammary ductal trees were apparently indistinguishable between the wild-type and nectin-1 KO mice during puberty (Fig. 5, A, panel a, and B,  panel a) . At P18.5 and L1, the numbers of first and second branches were reduced in the nectin-1 KO mammary gland, and the number of alveoli was reduced compared with those in the wild-type mammary tissue (Fig. 5, A, panels b and c, and B,  panels b and c) . To quantify the pregnancy-induced alveolar development of the mammary gland, the percentage of carmine alum-stained area at the distal site from the lymph node was quantified (Fig. 5C ). The cell densities of the luminal cells in the alveoli were reduced in the nectin-1 KO mammary gland at P18.5 and L1 (Fig. 5, D, panels a and c, and E, panels a and c) . The morphologies of the luminal cells in the alveoli were also changed in the nectin-1 KO mammary gland at these stages: they were columnar with secretary granules in the wild-type mammary gland, but they became flattened and were absent from secretary granules in the nectin-1 KO mammary gland. Overall, alveoli with large size lumens were more frequently observed in the nectin-1 KO mammary gland than in the wild type (Fig. 5F, panel a) . The morphologies of the luminal cells in the ducts were flatter in the nectin-1 KO mammary gland compared with those in the wild type at P18.5 and L1 (Fig. 5, D,  panels b and d; E, panels b and d; and F, panel b) . When the basal cells in the alveoli were visualized by staining with smooth muscle actin at P18.5 and L1, the numbers of the long thin processes that radiated from the cell body and of contact sites between the processes were reduced in the nectin-1 KO mammary gland compared with those in the wild type (Fig. 5, G and H) . Thus, the basket-like structure of the basal cells in the alveoli was more sparse in the nectin-1 KO mammary gland compared with that in the wild type, suggesting that the alveolus contraction ability of the basal cells was impaired in the nectin-1 KO mammary gland. These results indicate that nectin-1 is required for the pregnancy-induced alveolar development in the mammary gland and suggest that the novel adhesion apparatus is involved in this developmental process.
Alveolar development with lactogenic differentiation during pregnancy is mainly induced by prolactin through its receptor and downstream signaling molecules, such as JAK and STAT5 (36 -38) . We examined the effect of the genetic ablation of nectin-1 on this pregnancy-induced functional alveolar development by measuring STAT5 tyrosine phosphorylation and ␤-casein synthesis. The STAT5a tyrosine phosphorylation observed in the wild-type pregnant mammary gland (39) was not observed in the nectin-1 KO pregnant mammary gland (Fig.  6A) . The increase in total ␤-casein levels in the wild-type pregnant mammary gland was not observed in the nectin-1 KO pregnant mammary gland (Fig. 6B) . These results indicate that nectin-1 is required for the STAT5a phosphorylation, which leads to alveolar development with lactogenic differentiation during pregnancy, and suggest that the novel adhesion apparatus is involved in this reaction.
Physical cis-Interactions of Nectin-1 and Nectin-4 with the Prolactin Receptor-It was shown that the prolactin receptor is expressed in the luminal cells (40) . We therefore examined whether nectin-1, nectin-2, and nectin-4 as well as nectin-3 cis-interact with the prolactin receptor. FLAG-tagged nectin-1, nectin-2, nectin-3, or nectin-4 or the FLAG tag alone was coexpressed with the HA-tagged prolactin receptor in HEK293E cells, and the cells were cultured in suspension. The suspension culture was used to enable the detection of a possible cis-interaction between each FLAG-tagged nectin and the prolactin receptor on the plasma membrane. When each FLAG-tagged nectin or the FLAG tag alone was immunoprecipitated from each cell lysate using an anti-FLAG mAb, the HA-tagged prolactin receptor was co-immunoprecipitated with FLAG-tagged nectin-1, nectin-3, and nectin-4 to similar extents but not with nectin-2 or the FLAG tag alone (Fig. 7A) . These results indicate that nectin-1, nectin-3, and nectin-4, but not nectin-2, are able to cis-interact directly or indirectly with the prolactin receptor in vitro. The interaction of these nectins with the prolactin receptor was mediated through their extracellular regions as analyzed by the same method, and the result for nectin-4 is shown as a representative (Fig. 7B) .
We further confirmed the in vitro cis-interaction of nectin-4 with the prolactin receptor by another method. Microbeads precoated with Nef-1 or concanavalin A as a control were mixed with a suspension of HEK293E cells expressing both the GFP-tagged prolactin receptor and FLAG-tagged nectin-4 or expressing the GFP-tagged prolactin receptor alone, and the co-localization of these molecules was examined. Nef-1 used herein contained the extracellular region of nectin-1 fused to the Fc portion of IgG (27) . The immunofluorescence signals for both the GFP-tagged prolactin receptor and FLAG-tagged nectin-4 were concentrated at the boundary between the surface of the cells expressing both proteins and the Nef-1-coated microbeads but not the microbeads coated with concanavalin A (Fig. 7C) . The signal for the GFP-tagged prolactin receptor in the cells expressing it alone was not concentrated at the boundary between the surface of the cells and the Nef-1-coated microbeads. These results are consistent with the results in the co-immunoprecipitation assay and further indicate that nectin-4, which trans-interacts with nectin-1, is able to cis-interact with the prolactin receptor in vitro.
Functional cis-Interactions of Nectin-1 and Nectin-4 with the Prolactin Receptor-It was previously shown that EpH4 mammary epithelial cells respond to prolactin to induce STAT5 tyrosine phosphorylation (29) . We first confirmed that prolactin indeed stimulates the STAT5 tyrosine phosphorylation in EpH4 cells (Fig. 8A) . Because nectin-4 was not expressed in EpH4 cells (Fig. 8C) , we expressed FLAG-tagged nectin-4 to Ϫ/Ϫ mice were subjected to Western blotting using an anti-phospho-STAT5 (pSTAT5) Ab. Actin was used as a loading control. B, ␤-casein synthesis. The lysates (10 g of protein each) of the mammary epithelium from non-pregnant and P18.5 wild-type and nectin-1 Ϫ/Ϫ mice were subjected to Western blotting using an anti-␤-casein Ab. Results are representative of three independent experiments. IB, immunoblotting.
examine its effect on this reaction. The expression of FLAGtagged nectin-4 enhanced the STAT5 tyrosine phosphorylation in the presence of prolactin but not in the absence of prolactin (Fig. 8B ). Nectin-1 was then knocked down in EpH4 cells using shRNA because nectin-1 was expressed in this cell line (Fig. 8C) and nectin-1 cis-interacted with the prolactin receptor (Fig.  7A) . By Western blotting, nectin-1 was indeed down-regulated, whereas nectin-2 was unaffected (Fig. 8C) . The knockdown of nectin-1 reduced the prolactin-induced STAT5 tyrosine phosphorylation (Fig. 8D) . In addition, the expression of FLAGtagged nectin-1 enhanced the prolactin-induced STAT5 tyrosine phosphorylation (Fig. 8E) . These results indicate that nectin-1 and nectin-4 are able to enhance the prolactin-induced STAT5 tyrosine phosphorylation in vitro.
It was also previously shown that prolactin induced the JAK2-mediated prolactin receptor tyrosine phosphorylation (41) . Thus, we examined whether nectin-1 and nectin-4 enhanced this reaction. HA-tagged prolactin receptor and GFP-tagged JAK2 were co-expressed with FLAG-tagged nectin-1 or nectin-4 or FLAG tag alone in HEK293E cells. The cells were incubated in the presence and absence of prolactin under the suspension culture condition. HA-tagged prolactin receptor was immunoprecipitated with an anti-HA pAb followed by Western blotting with an anti-HA mAb and an anti-phosphotyrosine mAb. The HA-tagged prolactin receptor tyrosine phosphorylation was enhanced in the presence of prolactin as described previously (41), and this prolactin-induced reaction was further enhanced by co-expression with FLAG-tagged nectin-4 but not nectin-1 or FLAG tag alone (Fig. 9, A and B) . We further examined whether the trans-interaction between nectin-4 and the prolactin receptor modulates receptor signaling. HEK293E cells expressing FLAG-nectin-4 and HEK293E cells expressing the HA-tagged prolactin receptor and GFP-tagged JAK2 were co-cultured on a dish to induce the trans-interaction between nectin-4 and the prolactin receptor, if any, and stimulated with prolactin. The HA-tagged prolactin receptor tyrosine phosphorylation was not enhanced when the HEK293E cells expressing both the HA-tagged prolactin receptor and GFP-tagged JAK2 were attached to the HEK293E cells expressing FLAG-nectin-4 (Fig. 9C) . These results indicate that the cis-interaction, not the trans-interaction, of nectin-4 with the prolactin receptor is able to enhance the prolactin-induced JAK2-mediated prolactin receptor tyrosine phosphorylation in vitro. The reason for the inability of the cis-interaction of nectin-1 with the prolactin receptor to enhance this reaction is unknown even though nectin-1 enhanced the prolactin-induced STAT5 tyrosine phosphorylation in EpH4 cells.
Discussion
In this study, we found a novel type of cell adhesion apparatus mediated by nectin-1 and nectin-4 at the boundary between the luminal and basal cells in the mammary gland as shown in the schematic in Fig. 1B . This novel apparatus was mainly formed and/or maintained by the trans-interaction between nectin-4 in the luminal cells and nectin-1 in the basal cells. At this boundary, only desmosomes were previously known to be located (2, 3) , although the presence of gap junctions has been controversial (4) . However, the present results indicate the presence of gap junctions at this boundary. Therefore, at least three types of cell adhesion apparatuses are located at this boundary. Because desmosomes were not disrupted in the absence of the novel apparatus, this apparatus is not required for this heterotypic cell attachment. The results, indicating that other apparatuses, such as AJs, TJs, gap junctions, and desmosomes, were not affected in the absence of this novel apparatus, indicate that it is not required for the formation and/or maintenance of these other apparatuses.
The pregnant nectin-1 KO mammary gland showed insufficient alveolar development, including a suppression of alveolar development, abnormal morphologies of the ducts and alveoli, and reduced de novo synthesis of the milk protein, indicating that nectin-1 is involved in alveolar development with lactogenic differentiation. This impairment in lactation explains why the nectin-1 KO female mice failed to breastfeed their FIGURE 8. Nectin-1-and nectin-4-mediated enhancement of the prolactin-induced STAT5 tyrosine phosphorylation in EpH4 cells. A, the prolactininduced STAT5 tyrosine phosphorylation. EpH4 cells cultured on Matrigel-coated dishes were stimulated with 3 g/ml prolactin for the indicated periods. The samples (25 g of protein each, including Matrigel) were subjected to Western blotting using the indicated Abs. Actin was used as a loading control. B, nectin-4-mediated enhancement of the prolactin-induced STAT5 tyrosine phosphorylation. EpH4 cells stably expressing the empty or FLAG-nectin-4 vector were stimulated with 3 g/ml prolactin for 0.5 or 24 h. The samples (25 g of protein each, including Matrigel) were subjected to Western blotting using the indicated Abs. Actin was used as a loading control. C, expression of nectin-1 and nectin-2 in EpH4 cells and the effect of the knockdown of nectin-1 on the expression of nectin-2. EpH4 cells were infected with a retrovirus encoding the control shRNA (Control) or the shRNA sequence targeting nectin-1 (shNectin-1 #1 or shNectin-1 #2). The samples (25 g of protein each, including Matrigel) were subjected to Western blotting using the indicated Abs. Actin was used as a loading control. D, reduction of the prolactin-induced STAT5 tyrosine phosphorylation following nectin-1 knockdown. EpH4 cells stably expressing the control or nectin-1 shRNAs were stimulated with 3 g/ml prolactin for 30 min. The samples (25 g of protein each, including Matrigel) were subjected to Western blotting using the indicated Abs. The values indicate relative STAT5 tyrosine phosphorylation when control was set at 1.0. E, nectin-1-and nectin-4-mediated enhancement of the STAT5 tyrosine phosphorylation. EpH4 cells stably expressing the empty, FLAG-nectin-1, or FLAG-nectin-4 vector were stimulated with 3 g/ml prolactin for 30 min. The samples were subjected to Western blotting using the indicated Abs. The values indicate relative STAT5 tyrosine phosphorylation when control was set at 1.0. Results are representative of three independent experiments. IB, immunoblotting; pSTAT5, phospho-STAT5.
pups. A major hormone involved in the pregnancy-induced alveolar development with lactogenic differentiation is prolactin (38) . Prolactin binds to its receptor in the luminal cells (40) and induces activation of JAK2 tyrosine kinase, which tyrosine phosphorylates the prolactin receptor. In addition, JAK2 tyrosine phosphorylates STAT5, which induces the transcription of many genes, including ␤-casein, which is necessary for alveolar development. Herein we showed that both nectin-1 and nectin-4 could cis-interact with the prolactin receptor to enhance its signaling for alveolar development with lactogenic differentiation in vitro. However, the prolactin receptor is expressed in the luminal cells (40) , and nectin-4, but not nectin-1, in the luminal cells was mainly involved in the formation of a novel apparatus by trans-interacting with nectin-1 in the basal cells at the boundary between these two cell types in vivo. In the luminal cells, free nectin-1, which does not trans-interact with nectin-1 in the basal cells, may be present, but the affinity of the prolactin receptor for this free nectin-1 outside the apparatus is speculated to be lower than that for nectin-4 of the apparatus. Therefore, nectin-4 of the novel apparatus is most likely to cisinteract with the prolactin receptor in the luminal cells in vivo. We attempted to show this cis-interaction of the apparatus with the prolactin receptor in vivo but did not succeed because there is currently no available Ab that detects the receptor in the mammary gland in vivo. Instead of this approach, we used a cell culture system to show that nectin-4 of this apparatus was able to cis-interact with the prolactin receptor. Furthermore, the result that the genetic ablation of nectin-1 disrupted the novel apparatus and reduced alveolar development indicates that the trans-interaction between nectin-1 in the basal cells and nectin-4 in the luminal cells is essential for the formation and/or maintenance of this apparatus and alveolar development. Taken together, it is likely that nectin-1 in the basal cells is involved in the formation of a novel apparatus by trans-inter-FIGURE 9. Nectin-4-mediated enhancement of the prolactin-induced prolactin receptor tyrosine phosphorylation. A, no effect of nectin-1 on the prolactin-induced prolactin receptor tyrosine phosphorylation. A, panel a, HEK293E cells were co-transfected with various combinations of the indicated plasmids. The cells were serum-starved for 24 h and stimulated with 3 g/ml prolactin for 10 min. The HA-tagged prolactin receptor (PRLR-HA) was immunoprecipitated with an anti-HA Ab, and the samples were subjected to Western blotting using the indicated Abs. Results are representative of three independent experiments. A, panel b, the band intensity of the phosphorylated PRLR-HA (pY PRLR-HA) was normalized to that of the total PRLR-HA, and the normalized value of the control FLAG-transfected cells stimulated with prolactin was set as 1.0. n.s., not significant. Error bars, S.E. B, nectin-4-mediated enhancement of the prolactin-induced prolactin receptor tyrosine phosphorylation. B, panel a, HEK293E cells were co-transfected with various combinations of the indicated plasmids. The cells were serum-starved for 24 h and stimulated with 3 g/ml prolactin for 10 min. The HA-tagged prolactin receptor was immunoprecipitated with an anti-HA Ab, and the samples were subjected to Western blotting using the indicated Abs. Results are representative of three independent experiments. B, panel b, the band intensity of the phosphorylated PRLR-HA was normalized to that of the total PRLR-HA, and the normalized value of the control FLAG-transfected cells stimulated with prolactin was set as 1.0. n.s., not significant. *, p ϭ 0.014 versus control as determined by Student's t test. Error bars, S.E. C, no enhancement of the prolactin receptor tyrosine phosphorylation when nectin-4 and the prolactin receptor were engaged in trans. C, panel a, preparation of the cells expressing FLAG alone, FLAG-nectin-4 alone, and both the PRLR-HA and GFP-JAK2. The cells were transfected with various combinations of the indicated plasmids, and the samples were subjected to Western blotting using the indicated Abs. C, panel b, no effect of nectin-4 on the prolactin-induced prolactin receptor tyrosine phosphorylation when both molecules were engaged in trans. HEK293E cells expressing FLAG-nectin-4 and HEK293E cells expressing PRLR-HA and GFP-JAK2 were co-cultured on a dish to induce trans-interaction between nectin-4 and the prolactin receptor. The cells were serum-starved for 24 h and stimulated with 3 g/ml prolactin for 10 min. The PRLR-HA was immunoprecipitated with an anti-HA Ab, and the samples were subjected to Western blotting using the indicated Abs. Results are representative of three independent experiments. IP, immunoprecipitation; IB, immunoblotting; pY, phosphotyrosine.
acting with nectin-4 in the luminal cells and that nectin-4 of this apparatus cis-interacts with the prolactin receptor in the luminal cells and regulates its signaling for alveolar development with lactogenic differentiation as shown in the schematic in Fig.  1B . In the nectin-1 KO mice mammary gland, it is likely that not only nectin-4 but also the prolactin receptor in the luminal cells is no longer concentrated at the novel apparatus, and thereby sufficient signaling for alveolar development with lactogenic differentiation could not be transduced. Thus, this apparatus may serve as a platform for the prolactin receptor signaling. The reason why there are phenotypes only on the C57BL/6 background but not on the 129/Sv-C57BL/6 mixed background still remains unknown. Further studies are required for better understanding of the underlying mechanisms.
It is unknown whether the interaction between nectin-4 and the prolactin receptor is direct or indirect because we just observed the interaction by a co-immunoprecipitation assay. We previously showed physical and functional interactions between the nectin and nectin-like molecule (Necl) family proteins and receptors, such as nectin-3 and the PDGF receptor, Necl-5 and the PDGF receptor, Necl-2 and ErbB3, Necl-4 and ErbB3, Necl-4 and the VEGF receptor, and Necl-5 and the VEGF receptor (26, (42) (43) (44) (45) (46) . Most of these studies were done in transfected cell lines overexpressing these proteins, and it still remains unknown whether these interactions are direct or indirect. The direct interaction was reported only between nectin-1 and the FGF receptor (47) . In this report, it was shown that the third Ig module of nectin-1 directly interacts with the FGF receptor as estimated by surface plasmon resonance. Because it is of importance to examine whether the interaction between nectin-4 and the prolactin receptor is direct or indirect, we attempted to address this issue using the purified recombinant protein FLAG-nectin-4 or FLAG-nectin-4⌬CP and the extracellular fragment of the prolactin receptor fused to the human IgG Fc, but we have not yet succeeded in showing the direct interaction between these proteins under the conditions thus far examined (data not shown). One possibility is that the interaction between these molecules is indirect so that the interaction could not be reconstituted by using the recombinant proteins without unidentified interaction-mediating factor(s). Another possibility is that the affinity between the whole extracellular region of nectin-4 and the prolactin receptor was not high enough to detect their direct interaction. To better our understanding of the regulatory mechanisms of receptors by the nectin and Necl family proteins, future detailed examination of whether the interactions not only between nectin-4 and the prolactin receptor but also between other nectin and Necl family proteins and receptors are direct or indirect is needed.
Prolactin regulates cell proliferation and differentiation in not only the mammary gland but also the ovary and prostate (48, 49) and is involved in development of breast, prostate, and colorectal cancers (50 -53) . Nectin-4 is expressed in many organs (33) , and mutations in nectin-4 cause ectodermal dysplasia-syndactyly syndrome 1 (54 -57) . The expression of nectin-4 is up-regulated in several cancers, including breast cancer (24, 58 -65) . Nectin-4 serves as the entry receptor for measles virus (66, 67) . In addition, nectin-1 and nectin-3 cis-interact with the FGF receptor and the PDGF receptor, respectively (42, 47) . Therefore, the novel cell adhesion apparatus identified here may also serve as a platform for cellular signaling and play physiological and pathological roles not only in the mammary gland but also in other organs. 
